The effect of N supply on soybean (Glycine max L. Merrill) seed growth was investigated using an in vitro liquid culture system. Sucrose was maintained at 200 mM and N was supplied by asparagine and methionine in a 6.25:1 molar ratio. Media N concentrations from zero to 270 mM had little effect on cultured cotyledon dry matter accumulation rate for 7 or 14 d, but rates approached zero after 21 d when there was no N in the media. Only 17 mM N was required for maximum cotyledon growth rate up to 21 d. Cotyledon N accumulation and concentration increased in direct proportion to the N concentration in the media. The N concentration in cotyledons from a high protein genotype was higher than a normal genotype at all media N levels (0-270 mM). Soluble sugar and oil concentrations in the cotyledons were highest at zero media N and decreased as media N increased. These data suggest that the concept of seed N demand, which is thought to cause senescence in soybean, is incorrect. Soybean seeds can accumulate dry matter without accumulating N and apparently need only minimal supplies of N (17 mM) to maintain the metabolic enzymes necessary to sustain dry matter accumulation. Genetic differences in seed protein concentration seem to be regulated by the cotyledons not the supply of N.
Introduction
Soybean seeds contain approximately 400 g kg" 1 protein at maturity, consequently the accumulation and metabolism of N-containing compounds are important aspects of seed development. Nitrogen is supplied to the fruit as a variety of amino acids (Rainbird et al., 1984; Hsu et al., 1984) and ureides (Layzell and LaRue, 1982) ; however, glutamine and asparagine account for 75% of the embryo N supply (Rainbird et al., 1984) .
The importance of N in seed development of soybean has played a prominent role in models of leaf senescence. Molisch (1938) (quoted by Leopold et al, 1959) attributed leaf senescence to the remobilization of nutrients or organic materials from leaves and other vegetative tissues during reproductive growth. Elimination of soybean reproductive sinks by flower removal maintained green leaves on the plant until maturity (Leopold et al., 1959) providing support for Molisch's theory. Sinclair and de Wit (1975) found that soybean had the highest seed N requirement (mg N g~' photosynthate) of 24 crop species studied. They suggested that the seed N requirement exceeded the maximum rate of N supply from the soil causing remobilization of leaf N and leaf senescence. Frederick and Hesketh (1994) also based their model of senescence on high seed demand for N. Salado-Navarro et al. (1985) found that leaf senescence characteristics were related to genotypic variation in seed protein concentrations, supporting the concept that seed N demand played a role in senescence.
The Sinclair and de Wit (1976) model of leaf senescence predicts that increasing photosynthesis should accelerate leaf senescence to supply N to meet the increased seed N requirement. Hayati et al. (1995) evaluated this prediction using soybean plants with N readily available from NO 3 or nodules and plants with no N (non-nodulated plants with NO 3 removed from the culture media) available during seed filling. Increasing photosynthesis during seed filling increased seed dry matter accumulation, but had no effect on the rate of leaf senescence. Plants growing with NO 3 or nodules increased N uptake or fixation to meet the increased seed N requirement. Seed N concentration was reduced on plants that could not increase N uptake or fixation (i.e. non-nodulated plants with NO 3 removed from the culture media). Other workers have also shown that seed N or protein concentrations vary depending on N availability (Ham et al., 1975; Streeter, 1978) . Hayati et al. (1995) suggested that, ignoring genetic differences in seed N composition, seed N 'demand' may not exist; instead, seed N concentration may be mainly determined by the supply of N from the plant, not by the characteristics of the seed. It is difficult to evaluate this hypothesis in planta where the supply of N to the seed can not be quantified or readily manipulated independently from the supply of C. The objective of this work was to investigate the relationships between N supply and seed growth using an in vitro culture system where the N supply to the seed could be readily manipulated.
Materials and methods

Plant culture
Seeds of soybean genotypes McCall, Essex, and BARC-8 were sown at approximately weekly intervals from late May to late June of 1993 and 1994 in the field near Lexington, KY to provide immature seeds for culture (only Essex and BARC-8 in 1994) . Seeds were sown in a single 6 m row for each cultivar at a seeding rate of 26 seeds m" 1 of row in 0.76 m rows. All plots were irrigated as needed to minimize moisture stress. Greenhouse-grown plants (cv. McCall) were used in experiments conducted during the autumn and winter months. McCall (maturity group 00) and Essex (maturity group V) are commercial cultivars and BARC-8 (maturity group V) is a high seed protein genotype developed by RC Leffel, USDA-ARS, Beltsville, MD (Leffel, 1992) . Most of the experiments were done with McCall. Essex and BARC-8 were included to provide a comparison of normal and high protein genotypes of similar maturity.
Cotyledon culture
Cotyledons were grown in liquid culture (one cotyledon per 50 ml Erlenmeyer flask with 6-12 ml of solution) as described by Thompson et al. (1977 Thompson et al. ( , 1981 and Egli and Wardlaw (1980) . There were 10 to 20 flasks per treatment in each experiment. The flasks were incubated on a shaker under continuous fluorescent (40W) light (20 fJ mo\ photon m^s"
1 PAR) at room temperature (approximately 25 °C). Seeds selected for culture were in the linear phase of growth, i.e. pods maximum size and the seed dry weight more than 20 mg seed" 1 (Egli et al, 1981; Egli, 1994) . The nutrient media contained sucrose (200 mM), asparagine and methionine as the N sources and other nutrients as described by Egli and Wardlaw (1980) and Thompson et al. (1977) . The N concentration in the media varied from 0 to 270 mM N using asparagine and methionine at a molar ratio of 6.25:1 as recommended by Thompson et al. (1981) . The maximum accumulation of N by a cotyledon during culture represented 30% or less of the N in a flask, except for the 8.4 mM N treatment where 40% of the N was used by 21 d.
There were three experiments with McCall with cotyledons harvested after 7, 14, and 21 d in culture. The N concentrations in the media in the first experiment were 0, 67.5, 135, and 270 mM. The N concentrations in the other two experiments were 0, 8.4, 16.9, 33.8, and 67.5 mM. The two experiments with Essex and BARC-8 were only harvested at 14 d and the N concentrations in the media were the same as the first experiment with McCall.
Data collection
One cotyledon from each seed was placed in culture, the other cotyledon provided an estimate of initial dry weight. Cotyledons were harvested after 7, 14 or 21 d in culture, blotted dry, weighed, rinsed in distilled water for 10 s, frozen, freeze-dried, and weighed to determine dry weight. Several cotyledons from each treatment and sampling time were combined and ground prior to chemical analyses.
Cotyledon growth rate was calculated from the initial (day 0) and final dry weight for each pair of cotyledons. There was no initial cotyledon weight available for the 7-14 d (initial weight at 7d) and the 14-21 d (initial weight at 14 d) growth rates. Initial weights (i.e. weights at 7 d) were estimated for each flask harvested at 14 d by adjusting the cotyledon weight at 0 d for the dry weight accumulation that occurred from 0-7 d using the average 0-7 d growth rate for each treatment. The same process was used for the 14-21 d growth rate, i.e. the average rate for 0-14 d was used to estimate the initial dry weight for each treatment.
Dried ground cotyledon tissue was analysed for total N by a modified Kjeldahl technique (Nelson and Sommers, 1973) . Amino-N was determined with the ninhydrin method (15 mg of tissue) after extraction of dried ground cotyledon tissue in 80% (v/v) ethanol (Moore and Stein, 1948; Embry and Nothnagel, 1988) . Soluble sugars and starch were determined as described by Heberer et al. (1985) . The total oil content was determined after addition of heptodecanoic acid as an internal standard by extracting and transmethylating the lipids in a mixture of methanol and H 2 SO^ and determining the fatty acid methyl esters by gas chromatography (Dahmer et al., 1989) . This procedure may underestimate lipid levels of plant tissues due to greater extraction of the internal standard which is externally supplied. However, relative differences in lipid levels using this procedure are accurate. Total oil concentrations were measured in one experiment with cultivar McCall and one experiment with Essex and BARC-8.
There were two or three replications of each treatment for chemical analysis. Each experiment was analysed as a completely randomized design and the least significant difference test was used to compare treatment means.
Results
The cotyledon growth rate (rate of dry matter accumulation) for McCall for the first culture period (0-7 d) was highest at the 0 mM media N level and decreased slightly as the media N concentration increased to 270 mM ( at intermediate N concentrations and the rate at 270 mM N was not significantly different from the rate at 67.5 mM N ( Fig. 1) . In experiments that focused on lower N levels, the maximum growth rate from 14-21 d occurred at 16.9 mM N ( Table 1) . One of the experiments for which data are shown in Table 1 included 135 mM N in the medium and the growth rate at this N level was equal to the rate at 67.5 mM N. The cotyledon growth rate for genotypes Essex and BARC-8 cultured for 14 d showed little response to media N concentrations varying from 0 to 270 mM (Fig. 2) . Similar results were obtained when this experiment was repeated (data not shown). BARC-8, the high protein genotype, had consistently higher growth rates at all media N levels in both experiments.
The accumulation of N by McCall cotyledons was zero at 0 media N and increased to a maximum between 135 and 270 mM (Fig. 3) . The total N concentration in the cotyledons at 0 media N in this experiment decreased from an initial level (before culture) of 66gkg -1 to 23 to 30gkg -1 (Table 2) . Only the cotyledons cultured at 270 mM N approached the initial concentration at the end of the culture period. In the experiment focusing on the lower N levels (Table 3) , the N concentrations in the cotyledons increased as media N levels increased from 0 to 67.5 mM. Cotyledons from BARC-8 had a higher N concentration than Essex at all media N levels (Fig. 2) . The N concentrations in cotyledons of both cultivars increased as the media N level increased from 0 to 270 mM. Valid comparisons with the N concentration in McCall cotyledons could not be made because McCall was not included in the experiment with Essex and ' Average for the comparison of any two means, of two experiments, total N concentration of cotyledons placed in culture was 63 g kg"
1 . * Average of two experiments, initial amino N concentration was 1.8 g kg-'.
'LSD for the comparison of any two means.
BARC-8 and cotyledon N concentrations varied among experiments.
Cotyledon amino-N concentration increased as the media N concentration increased (Table 2) . Amino-N levels at 135 mM media N were similar to the initial levels, while the levels at 270 mM N were roughly twice the initial levels. However, this elevated level represented 12% of the total N in the seed compared to 6% in the seeds before culture. Soluble sugar levels in McCall cotyledons were greatly elevated at the 0 media N level, but they decreased rapidly as the media N level increased (Table 4) . A similiar response occurred in other experiments (data not shown). Starch concentrations also decreased as the media N increased in this experiment (Table 4 ) and in others (data not shown).
The soluble sugar levels in McCall cotyledons after culture at 0 N were approximately three times higher than the levels in seeds placed in culture (initial level) (Table 4) . Although soluble sugars declined until the media N concentrations reached 270 mM, the levels at 270 mM were still above the initial levels. Starch concentrations after culture at 0 media N were similiar to the initial levels (Table 4) . At the higher media N levels, starch concentrations after culture were well below the initial levels.
The concentration of oil in McCall cotyledons after 7 d of culture increased with increasing media N concentrations (Fig. 4) . This trend reversed after 21 d in culture with the highest oil concentrations occurring at the lowest N levels. The highest cotyledon oil levels for Essex and BARC-8 after 14 d in culture occurred at 0 media N (Fig. 4) .
Discussion
Maximum growth rates (rates of dry matter accumulation) of McCall and Essex cotyledons in these experiments were similar to rates for these cultivars measured in planta (Egli et al., 1981; Egli, 1993) . Thompson et al. (1977 Thompson et al. ( , 1981 reported that storage protein synthesis in this culture system was similiar to that in planta. The cotyledon amino-N levels in our experiments increased from an initial level of 6% of the total N to a maximum of 12% Table 1 while the data for Essex and BARC-8 are from a repeat of the experiment shown in Fig. 2 . at the highest media N level. This relatively modest increase in amino-N during culture suggests that, as Thompson et al. (1977 Thompson et al. ( , 1981 reported, relatively normal N metabolism occurred in the culture system. Taken together, these observations suggest that cotyledon growth in our experiments was similiar to that in planta. Leaf senescence in soybean has been attributed to the remobilization of N from the leaf to meet high seed N demand de Wit, 1975, 1976; Frederick and Hesketh, 1994) . The concept of seed N demand implies that soybean seeds can not grow without adequate supplies of N. The data reported here do not support this concept. Nitrogen concentrations in the media ranging from 0 to 270 mM did not substantially affect the shortterm (7 or 14 d depending on the experiment) cotyledon growth rate for any of the three genotypes. However, the rate of dry weight accumulation at 0 N was reduced during longer culture periods, approaching zero in some experiments. Thompson et al. (1977) found that glutamine concentrations of 31, 62.5, and 125 mM had no substantial effect on in vitro dry matter accumulation by soybean cotyledons. Accumulation at 0 N was 69% of the higher N levels, but they cultured the cotyledons for only 6 d.
These results are consistent with ours for short-term cultures. Skokut et al. (1982) and Haga and Sodek (1987) reported in vitro dry matter accumulation by soybean cotyledons with no N in the media that was 36% and 44% of the with-N-treatment in short-term (6 and 7 d) culture. Although their results are consistent with ours in showing substantial growth at 0 N, the dry matter accumulation was markedly reduced below the with-N-treatment. Coker and Schaefer (1985) reported in vitro dry matter accumulation that was 46% of the with-N-treatment after 14 d in culture. Again, their results are generally consistent with ours. No results have been reported for culture periods longer than 14 d.
Results with other crop species are similiar to the results for soybean. Barlow et al. (1983) found no effect of N concentrations from 0 to 20% on wheat (Triticum aestivum L.) seed dry weight accumulation in a 14 d spike culture. Mather and Giese (1984) reported substantial dry weight accumulation by barley (Hordeum vulgare L.) seeds in spike culture lasting for 22-30 d. Singletary and Below (1989) also reported substantial accumulation of dry weight by maize (Zea mays L.) seeds that were kept in the culture system, with no N, until physiological maturity.
Previous soybean culture experiments relating N supply to seed growth are limited by the short culture periods or the limited number of N concentrations tested. Our results clearly demonstrate that dry matter accumulation can continue at a normal rate for up to 14 d without N. However, without N the rate of dry matter accumulation eventually begins to decrease and may reach zero. Results with wheat, barley and maize suggest that the response of these species may be similiar to soybean.
Our experiments with the low N concentrations suggest that only 17 mM N was needed to maximize the rate of dry matter accumulation of soybean cotyledons for long culture periods. These concentrations are much lower than those reported to occur in the cotyledon apoplast in vivo (40-80 mM) from samples taken at frequent intervals from early in seed growth until maximum seed dry weight (Hsu et al., 1984) . Maximum growth rates at low N concentrations were also reported in long-term cultures with barley (spike culture) where maximum dry weight accumulation occurred at 0.5 g N I"
1 (Mather and Giese, 1984) and with maize (maximum rate at 18 mM N, Singletary and Below, 1989) . Singletary et al. (1990) reported that the activity of many enzymes in cultured maize kernels reached a maximum at 18 mM N. Apparently, low N levels are needed to maintain activity of metabolic enzymes making it possible for the seeds to accumulate dry matter at maximum rates.
Nitrogen accumulation by the seeds was much more responsive to media N concentrations than was dry matter accumulation. Similiar results have been reported for barley (Mather and Geise, 1984) , wheat (Barlow et al., 1983) and maize (Singletary and Below, 1989 ). Nitrogen accumulation rates reached a maximum at media N concentrations of 135 mM or greater. These concentrations are higher than the in vivo apoplastic N levels (40-80 mM) reported by Hsu et al. (1984) . It may be dangerous to interpret this difference as suggesting that N supply limits seed N accumulation in planta. Hsu et al. (1984) results represent a single cultivar in a single environment. The difficulties involved in accurately estimating apolastic concentrations (Gifford and Thome, 1985) means that actual concentrations may differ significantly from the estimates.
Differential effects of media N concentration on dry matter and N accumulation resulted in large changes in seed N concentrations. Obviously, seed N concentration at 0 media N was greatly reduced and the seed N concentration increased with increasing media N levels, but it did not reach a concentration equal to the initial concentration (concentration in the cotyledon before culturing) until 270 mM media N.
Cotyledons in culture accumulated soluble sugars to levels in excess of twice the initial levels. These high soluble sugar levels are probably due to the high level of sucrose (200 mM) used in the media. The concentration was equal to the maximum in planta apoplastic sucrose concentrations reported by Gifford and Thome (1985) and was much higher than those reported by Hsu et al. (1984) . 200 mM sucrose was used to ensure that the sucrose supply did not limit cotyledon growth.
The highest soluble sugar concentrations occurred at zero N and soluble sugars declined as media N levels increased. The greatest reduction occurred after 21 d in culture. Singletary and Below (1989) also reported declining levels of soluble sugars in maize seeds as media N concentration increased. Starch concentrations also declined with increasing media N in our experiments, although the starch level was less than the initial level at all media N concentrations. The accumulation of soluble sugars at low N levels may partially reflect reductions in sucrose utilization associated with reduced N metabolism. However, soluble sugar levels at 270 mM N were still well above initial levels, probably reflecting increased sucrose uptake in the in vitro system. It is surprising that the increased soluble sugars did not lead to higher levels of starch, as has been reported for wheat (Jenner et al., 1991) . Cotyledons cultured at low media N levels accumulated very little N, but the accumulation of dry matter was equal to that at high N levels. The excess accumulation of soluble sugars at the low N levels helped to maintain dry matter accumulation when the cotyledons were accumulating very little N.
Cotyledon oil concentration was always substantially higher than the initial level and concentrations tended to increase during culture. This increase may reflect the normal in planta increase in oil concentration during seed development (Yazdi-Samadi et al., 1977) and also the higher than normal soluble sugars in the cultured cotyledons. Cotyledon oil concentration after 14-21 d in culture was highest at the low N levels for all three genotypes indicating that oil synthesis increased when N accumulation was reduced by N stress. Sucrose that was not utilized by N metabolism may have been available for oil synthesis. The increased oil accumulation at low N levels helped maintain dry weight accumulation when N accumulation was reduced at zero media N. Thus, the seeds responded to reductions in N accumulation by increasing soluble sugar and oil accumulation.
The high protein genotype, BARC-8, had a lower cotyledon oil concentration than Essex at all media N levels except 0 N. This inverse relationship between oil and protein concentrations in soybean seed is well documented (Burton, 1987) . This relationship was maintained here in vitro suggesting that the inverse relationship between oil and protein levels in the seed is regulated by the seed, not by the supply of N or C to the seed.
The higher seed protein of genotype BARC-8 was maintained during culture. The N concentration after 14 d of culture was dependent on media N concentration for both genotypes, but BARC-8 had a higher seed N concentration than Essex at all media N levels. Genotypic differences in seed N concentration could result from genotypic differences in the ability of the plant to supply N to the seed or by the ability of the seed to take up and metabolize N. In our experiments, genotypic differences in N concentration were maintained at all levels of media N suggesting that the genotypic differences were regulated by the seed not by the supply of N to the seed. Similar results were reported for maize by Wyss et al. (1991) when they found that differences in seed N concentration of high and low protein maize genotypes were maintained across media N levels in culture. However, they concluded that non-seed plant factors were also important. Carter et al. (1982) found that increasing soybean seed protein concentration by recurrent selection increased vegetative plant N in one population and decreased it in a second population. Leffel et al. (1992) also found an increase in vegetative plant N and N 2 fixation in a high protein soybean genotype. Singh and Hadley (1972) demonstrated that the protein concentration in Fl seeds was under maternal control in soybean. The implication of these findings is that genetic differences in seed N concentration depend on the supply of N from the mother plant which contradicts our findings.
The regulation of seed N concentration can be better understood by considering the two sources of variation in seed N, environmental and genetic. Changing the supply of N to the seed with a constant supply of C in our experiments caused substantial changes in seed N concentration. This may be the mechanism responsible for environmentally induced changes in seed N concentration. Environmentally induced changes in seed N concentration may require changes in N supply that are not associated with changes in C. If N and C supplies change in direct proportion, dry matter and N accumulation may be equally affected with no change in seed N concentration.
The data suggest that genetic differences in seed N concentration are regulated by the seed and not by the supply of N to the seed. Thus, genetic differences in seed N concentration would not necessarily require a change in the supply of N to the seed. An analogous relationship is the control of genetic differences in the growth rate of individual seeds by the seed through the number of cells in the cotyledons, not by the supply of assimilate to the seed (Egli et al., 1981 (Egli et al., , 1989 .
Increasing seed N concentration and maintaining or increasing yield, a goal of some plant breeders, would require an increase in the plant's capacity to supply N to the seeds. But the factors determining the total supply of N to the seed (i.e. g N m~2 ground area) are not necessarily the same as those affecting seed N concentration. Seed N concentration is only one component of the total N accumulation by the seed on a ground-area basis, the other components are the number of seeds per unit area and the rate of dry matter accumulation by an individual seed. Clearly it is difficult to separate these factors with in planta experiments, but it was possible to separate them in vitro and genetic differences in seed N concentration were independent of the supply of N.
To conclude, the results reported here suggest that carbon and N metabolism in developing soybean seeds are not tightly linked. Similar conclusions have been reached for maize (Singletary and Below, 1989) and wheat (Jenner et al., 1991) . Dry matter accumulation was sustained at lower media N concentrations than required to maximize N accumulation by the seeds. It seems that soybean seeds can grow at normal rates without accumulating storage proteins as long as a low level of N is available to maintain metabolic enzymes to support longterm dry matter accumulation. Obviously, C and N metabolism are not completely independent since changes in N levels in the media did affect soluble sugar, starch, and oil levels in the seed. However, it is clear that the accumulation of N by the seed is not an absolute requirement for seed dry matter accumulation. These relationships would not be as apparent in planta where the availability of N could affect the supply of C to the seed via an effect on photosynthesis (Sinclair and Horie, 1989) .
These data support previous suggestions by Hayati et al. (1995) that the concept of seed N 'demand' that played a central role in several models of monocarpic senescence is incorrect. The results indicate that seeds can continue to accumulate dry matter with minimal N supplies and cast doubt on the hypothesis that soybean seed Nitrogen supply and seed growth in soybean 39 growth is dependent upon the extraction of large amounts of N from vegetative tissue. A better model may be one that describes seed N accumulation as being entirely dependent upon the supply of N from the vegetative plant, regulated by processes in the vegetative tissues (Hayati et al., 1995) .
